We investigate the applicability of time reverse modeling on revealing the location of sources of continuous lowfrequency signals like microtremors. In a first step we perform a numerical feasibility study. For this approach we generate different types of synthetic microtremor data by using a finite difference technique for seismic wave propagation. Time reverse modeling is able to localize all source types investigated. The main difference in accuracy depends on whether P-or S-waves are dominant. Possible examples of microtremors from a specific source location are hydrocarbon reservoirs. Hydrocarbon reservoirs can be the origin of a continuous source of low-frequency seismic waves. In a first example the application of time reverse modeling on real data is shown. We observe a pattern similar to a synthetic case which is dominated by P-waves.
Introduction
Economical and precise procedures for the detection of hydrocarbon reservoirs are of main interest for exploration of new oil and gas fields. Many effective exploration tools have been developed such as multidimensional active seismic, but they are often either time-consuming or expensive. A cheap and already applied technique of exploration is the evaluation of passive seismic signals such as recording microtremors. Several studies have shown that hydrocarbon reservoirs are likely to act as a source of lowfrequency seismic waves (Dangel et al., 2003) . These phenomena are sometimes called "hydrocarbon microtremors".
A promising procedure to spatially localize the source of hydrocarbon microtremors is time reverse modeling. During the past few years many studies have been performed on applicability of time reverse modeling. This method can be basically applied to several fields of science such as medical or earth science (Fink, 1999) . Most of the survey has been done either on filtering single events out of recordings of low S/N-ratio (e.g. Kao and Shan, 2004) or on accuracy in space and time in case of localizing a single event (e.g. Gajewski and Tessmer, 2005; Mehta and Snieder, 2006) . There are similar techniques whose goal is to directly localize a source without iteration. Interferometric seismic imaging, a generalized version of the daylight imaging concept by Claerbout (1968) , tracks down source locations with inverted correlated seismic data (Schuster et al., 2004) . Furthermore, special applications of cross-correlation are able to filter a seismic source out of a complex media and noisy surrounding (Garnier, 2005) . In general all these studies either localize a single event or require identification of first arrival time. Therefore none of the described methods is applicable to identify a continuous source of low-frequency waves. In real hydrocarbon microtremor data it is not possible to identify a first arrival time.
In the following chapters we describe the general procedure of performing time reverse modeling. Then a survey on effects from different source implementations shows results from different possible wave fields.
Method and modeling procedure
Numerical method The numerical modeling algorithm used for forward and reverse modeling of seismic waves solves the full elastic wave equation in 2D and is similar to the rotated staggered grid finite-difference technique described by Saenger et al. (2000) . The two dimensional numerical grid is rectangular. All computations are performed with second order spatial explicit finite difference operators and with a second order time update. The code is a self-developed software written with MATLAB 7.1 and executed on a standard personal computer.
Forward Modeling
Forward modeling with a synthetic velocity model with complex geometry generates microtremor signals. The microtremors are approximated as a superposition of single short-time low-frequency signals with a fundamental frequency of about 3Hz and a range between 1.5Hz and 4.5Hz. The source area of these microtremors is located in a narrow zone which represents a reservoir.
All source types consist of a pattern of individual point sources. The point sources are set up dense in space and time to represent microtremor-like random signals which are permanent. There are typically 574 point sources within 180 physical seconds for a single forward modeling simulation.
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The spectra calculated from the numerical data recorded at the surface of the velocity field are comparable with field observations in Austria ( Figure 1 and Graf et al., 2007) . 
Reverse Modeling
The seismograms of the receivers are reversed in time and are then used as boundary values at the location of the receivers for the reverse model. Snapshots showing the current particle velocity at every grid point are produced at specific time steps during the reverse modeling (Figure 2 ). High particle velocities are supposed to indicate the location of a strong wave modification like a layer interface or a specific source of the forward model.
The highest particle velocities per grid point from beginning of reverse modeling up to the latest time step performed are collected. After some time of reverse modeling the maximum particle velocities are expected to show interfaces of high velocity contrast or the contour of a source area. In this specific case the source area corresponds to the area of the reservoir which acted as location of source. 
Model parameters
The grid contains 901 horizontal and 301 vertical nodal points with grid spacing of 10m in both directions. The setup of the synthetic velocity model is similar to the geological situation observed in Voitsdorf (Austria) (Graf et al., 2007) but additional heterogeneities are included to test the time reverse modeling for considerable heterogeneities (Figure 3, A) . Each unit of the velocity model is homogeneous and isotropic. There are ten different non-planar sediment model units with P-wave velocities increasing from 1200m/s (top layer) stepwise by 200m/s up to 3000m/s (bottom layer). The velocity is Types of wave fields Four simulations are performed to investigate the applicability of time reverse modeling on different types of wave fields generated by different types of sources. Simulation 1 contains P-waves only. Simulations 2 to 4 contain P-and S-waves of different dominance at the surface. In simulation 2, P-waves are dominant. In simulation 3, S-waves are dominant. In simulation 4, P-and S-waves are equally dominant.
Results
Snapshots during the reverse modeling show an accumulation of high particle velocities in the vicinity of the sources which were applied in the forward model ( Figure 2 ). The inaccuracy is, as discussed by Gajewski and Tessmer (2005) , considerably small because the error of maximal 100m is much smaller than the wavelength at the central frequency. The error is therefore negligible for specific point sources.
The results from all four simulations show that reverse modeling is generally able to localize the area of the source (Figure 3 ). In general, the area of a permanent source is roughly identifiable. The accuracy is much better in horizontal than in vertical direction as the aperture angle is opened upwards toward the receivers. A pattern of high particle velocities is developed close to the surface. This structure might be created by surface waves. It is also likely to be due to small geometric spreading of the signal which has been sent out from the location of the receivers nearby. The search field therefore has to be restricted to an area far enough from the receivers as suggested by Gajewski and Tessmer (2005) . Another major pattern is visible along strong velocity discontinuities where accumulation of energy occurs. An example is the heterogeneity. One reservoir defines the area of seismic sources. All simulations (B-E) show a focus of high particle velocities in the area of the reservoir, which is the zone of microtremor sources in the forward models. Simulation 1 (B) and simulation 2 (C) show a focusing of high particle velocities to very small fields and strong patterns between receivers and reservoir. Simulation 3 (D) and simulation 4 (E) also clearly strike out the location of sources but with less pronounced patterns in the vicinity of the reservoir.
The localization of source area in simulation 1 is of poor quality (Figure 3, B) . P-waves have a long wavelength which first has to be built up during the forward modeling. During the reverse modeling, they might get weakened or even vanish at an early stage of the concentration back to the source location. The energy remaining for the localization covers a large area around the source. Simulation 2 shows a much better accuracy (Figure 3, C) . The localized source field is restricted to a thin layer which
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approximately corresponds to the thickness of the source area. A strong pattern of high particle velocities is generated between the source area and the surface. This might be due to the insufficient geometric spreading of the signal from the receivers directly above the reservoir. These receivers recorded a strong vertical impact from Pwaves which now dominate the wave field in this area during the reverse modeling. Reverse modeling of simulation 3 results in very good localization of the source area (Figure 3, D) . The source area has a clear border and a quite steady interconnection within it. The disturbing patterns at the surface and above the source area are weak. S-waves seem to give important contribution to the localization of a source. This is also visible in simulation 4 (Figure 3, E) . The quality of the localization in this case is between the quality of simulation 2 (Figure 3 , C) and the one of simulation 3 (Figure 3, D) . There is only little noisy signal which hardly narrows the process of localizing the source area.
Application to real data
The surveys on time reverse modeling with different wave fields showed that this method localizes the source area of a permanent source with good quality. The accuracy differs depending on whether P-waves or S-waves are dominant. It seems not to depend on specific processing techniques as the synthetic data have not been modified for reverse modeling. The first application of reverse modeling on real data also supports the idea of using recorded data with minimal modifications (Figure 4 ). The only processing steps performed for this survey were removal of the mean deviation, band-pass filtering from 1Hz to 10Hz and resampling the time signal to fit the requirements of the stability criterion of numerical modeling. It is sufficient to interpolate the time signal linearly between existing time steps because no additional spectra are generated within the frequency range of interest.
Discussion
Further surveys will be done to test the influence of different receiver layouts. This will help to better understand the behavior of geometric spreading in case of wide spacing between receivers. Also discrimination between sources of different central frequency is of interest to discard strong background noise like ocean waves. Another point of interest is spatial separation of permanent sources such as potentially stacked reservoirs.
Conclusion
The localization of permanent sources that generate microtremors in the subsurface with time reverse modeling was successful. The application of this technique on analysis of low-frequency waves is economically as well as environmentally attractive and easy to handle in field and office. It contains high potential as a standard processing tool for localization of continuous sources such as hydrocarbon microtremors. A first real data example points in this direction.
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